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An iron and gadolinium-containing  bimetallic  polynuclear  complex  was  used as a single source precursor in the 
synthesis of gadolinium-doped magnetite nanoparticles (Gd:Fe3O4). The synthesis produces well defined octahedral 
particles (12.6 ± 2.6 nm diameter) with a gadolinium content in the region of 2 mol%.  The nanoparticles showed a value of 
the  Specific Absorption Rate of 3.7 ± 0.6 W / gFe  under low-amplitude radiofrequency magnetic field excitation, and 
moderate biocompatibility, suggesting that these particles are viable candidates for Magnetic Hyperthermia applications. 
Introduction 
The last decade has seen a surge in interest in the synthesis 
and characterisation of nanoparticles (NPs), driven by their 
unique properties and their potential uses across a range of 
applications. Magnetic nanoparticles (MNPs) are amongst the 
most intensively studied and in medical applications have both 
therapeutic and diagnostic prospects, as agents for magnetic 
hyperthermia (MH),1 drug delivery and magnetic resonance 
imaging (MRI) contrast.2,3 However, creating MNPs that are 
‘tuned’ for specific purposes is far from trivial and careful 
refinement of synthetic procedures is essential to gain precise 
control over the particle morphology, composition and 
magnetic properties including the saturation magnetisation, 
remnant magnetisation and coercivity. 4 , 5 , 6 , 7  Much of the 
literature focuses on metal oxides, particularly magnetite, 
because of its ease of production, stability and 
biocompatibility - some iron oxide nanospecies are already 
approved by the FDA and the European Commission for clinical 
applications8,9  and have been used in clinical trials.10,11 
An interesting prospect is to further enhance the properties of 
MNPs through doping, such as the use of low levels of Zn2+ 
doping in ferrite particles to enhance their MRI and MH 
effect.12 Here, we focus on the composite material gadolinium-
doped magnetite (Gd:Fe3O4). Gd doping or labelling has been 
shown to improve the MRI contrast of iron oxide NPs via T1 
enhancement, 13 , 14 , 15 , 16 , 17  whereas the MH properties of 
gadolinium-doped magnetite have received much less 
attention.1, 18  Whilst doping ions into MNPs is simple in 
principle, establishing reproducible synthetic procedures can 
be difficult. For example, co-precipitation or simultaneous 
decomposition protocols require the metal precursors to 
react/decompose with similar kinetics if both metals are to be 
incorporated within a single product.19 Differences in reactivity 
could lead to inhomogeneous products or complete 
segregation into two discrete nanoparticle populations, a 
problem that motivates the present report. Our own initial 
attempts to control the simultaneous decomposition of 
separate iron- and gadolinium-containing precursors were 
unreliable, often resulting in distinct nucleation of two NP 
species.20  For this reason we elected to synthesise and use a 
novel single-source precursor, a bimetallic iron/gadolinium 
complex. This is advantageous in nanoparticle synthesis 
because decomposition of the precursor is guaranteed to 
release iron and gadolinium ions into the reaction mixture 
simultaneously, which should reduce separate nucleation and 
low dopant ion uptake. A further advantage of this protocol is 
that polynuclear precursors can also provide an extra degree 
of freedom with which to optimise a reaction.5 
Experimental  
Materials and Methods 
GdCl3·2H2O (99%), FeCl2·4H2O (99%), sodium benzoate (99%), 
benzyl ether (98%), oleic acid (90%), oleyl amine (70%), 
acetonitrile (MeCN) and diethyl ether (Et2O)  were purchased 
from Sigma Aldrich and used as received without further 
purification. 
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SAR =
C
m
Fe
⋅
∆T
∆t
Synthesis of the Fe/Gd precursor 
The synthesis was adapted from that used to prepare 
[Fe2CuO(O2CPh)6(H2O)3].
21 A solution of sodium benzoate (1.88 
g, 13 mmol) in H2O (100 mL) was added to a stirred solution of 
FeCl2·4H2O (0.5 g, 2.5 mmol) and GdCl3·2H2O (0.46 g, 1.25 
mmol) in H2O (50 mL). MeCN (25mL) was then added to this 
solution. The reaction mixture was stirred overnight at 
ambient temperature to give a light brown precipitate. This 
precipitate was collected by ﬁltration and washed with Et2O 
(see ESI).  
 
Synthesis of Gd:Fe3O4 NPs 
0.2 g of the Fe/Gd air-dried precursor was added to a reaction 
mixture consisting of oleylamine : oleic acid  : benzyl ether in 
the ratio 4.5 : 3 : 2.5 mL. The mixture was then heated to 110 
°C under a nitrogen ﬂow for 30 minutes. The nitrogen ﬂow was 
reduced and the mixture was slowly heated to 310 °C for 30 
minutes. The mixture was then cooled to room temperature 
and the particles were precipitated with excess ethanol and 
collected via centrifugation as a black/brown residue and 
redispersed in hexane. 
  
Transmission Electron Microscopy and elemental analysis 
 
Samples were prepared for Transmission Electron Microscopy 
(TEM) characterisation by dispersing a small amount of dilute 
hexane particle dispersion directly onto a holey-carbon coated 
copper TEM grid. TEM and scanning TEM (STEM) were 
performed on a Tecnai TF20 operated at 200 kV. The 
microscope was fitted with an EDAX Energy Dispersive X-ray 
spectroscopy (EDX) system and a Gatan Enfina Spectrometer 
for Electron Energy Loss Spectroscopy (EELS) measurements. 
TEM data were obtained and processed using either Digital 
Micrograph or IMAGEJ 1.41 software. 
 
Magnetic measurements   
Magnetic measurements were performed on the oleate-
protected NPs using a Quantum Design MPMS-XL7 SQUID 
magnetometer.  Samples were fixed in eicosane in gelatine 
capsules prior to measurement.  Data have been corrected for 
the contributions of the sample holder and eicosane matrix. 
 
Aqueous phase transfer 
To test the potential of the Gd:Fe3O4 NPs for biological 
applications, the hydrophobic oleate surfactant of the as-
synthesized particles was replaced with a water-dispersible 
PEG derivative ligand (PEG600-DPA) as described 
elsewhere.5,22  
 
Cell Culture 
Human dermal fibroblasts cell line, h-TERT BJ1 were cultured and 
expanded in DMEM/10% FBS (100 U/ml penicillin, 1000µg/ml 
streptomycin) and maintained at 37oC in 5% CO2 until ~90% 
confluent. Cells were seeded at a density of 1 x 104 cells per ml. 
Prior to incubation, particles suspensions were filter sterilised (0.2µ 
filter) and diluted in fresh media to the required concentration. 
MTT assay 
To assess the toxicity of the NPs, the cell metabolic activity was 
determined via an MTT assay. Particle suspensions at the 
required concentrations were incubated with h-TERT BJ1 cells 
in a 96 well plate for 1 hour at 37°C. The particle suspension 
was then removed and 5 μL of MTT dye (5 mg/mL in 
phosphate buffer pH 7.4, Sigma-Aldrich) was added to each 
well. After 1.5 hours of incubation at 37°C, the medium was 
removed and any formazan crystals produced were dissolved 
in 100 μL of DMSO. The absorbance of each well was read on a 
microplate reader (Dynatech MR7000 instruments) at 550 nm, 
calibrated to zero absorbance using culture medium without 
cells. Details of the cell culture protocol and additional 
electron microscopy imaging of cells with the NPs can be 
found in the ESI. 
 
Specific Absorption Rate (SAR) measurement 
The sample for the SAR measurement was prepared starting 
from an aqueous dispersion of the PEG functionalized 
Gd:Fe3O4 NPs.
22 A small amount of the aqueous dispersion was 
placed inside a polycarbonate capsule. Evaporation of the 
water was accelerated by gentle heating until a viscous (due to 
the PEG content) dry sample was obtained and no changes to 
the specimen weight (sample + capsule) were detected (±0.01 
mg) over one day. The total specimen weight was 31 mg with a 
sample mass (PEG 600-DPA functionalized Gd:Fe3O4 
nanoparticles) of 0.82 mg. 
 
The ability of the NPs to generate heat under external radio 
frequency (RF) excitation was determined by adiabatic 
magnetothermia. 23  The specimen, kept under adiabatic 
conditions, was subjected to an alternating magnetic field with 
frequency f=111 kHz and amplitude H0=3 kA/m (38 Oe) during 
a time interval ∆t of approximately 5 minutes. The 
temperature increase during the magnetic field pulse, ∆T, was 
measured and the performance of the sample was 
characterized through its Specific Absorption Rate (SAR), 
calculated as:  
 
(Equation 1) 
 
where C (J/K) is the heat capacity of the specimen and mFe is 
the mass of Fe present in the sample, calculated from the EELS 
elemental analysis. The reported SAR value is an average of 
four independent room temperature measurements. 
Results and Discussion 
Gd:Fe3O4 NP synthesis and characterisation 
 
TEM images of a typical sample of NPs are presented in Figure 
1. The particles are well-defined and octahedral, with a 
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measured average long axis length of 12.6 ± 2.6 nm (Figure 
1a). The size and shape of nanoparticles is determined in part 
by the adsorption of molecular species during synthesis, 
particularly if binding affinities vary with the crystallographic 
orientation of exposed surfaces.4 Octahedral or truncated 
octahedral Fe3O4 nanoparticles are known to arise from the 
competitive adsorption of oleate and oleylamine species,24 the 
relative concentrations of which determine the precise NP 
shape.25 The NP shape can also be perturbed by the presence 
of other molecules, which includes the decomposition 
products of the molecular precursor used here.5 High 
resolution TEM (Figure 1b) confirmed that the particles are 
single crystalline, with lattice fringes clearly visible and with 
the fringe spacings consistent with those of magnetite. The 
inverse spinel crystal structure typical of Fe3O4 was confirmed 
via selected area electron diffraction (SAED, Figure 1c), 
suggesting that Gd3+ uptake does not have a significant effect 
on overall crystal structure. A STEM EDX line trace across a 
single particle and a composite EDX spectrum obtained from a 
group of particles are shown in Figures 1d,e) and clearly 
support the presence of both iron and gadolinium in the 
particles. There is no clear variation in the Gd:Fe ratio across 
the particle, nor contrast variation in STEM images that would 
suggest Gd segregation or a core-shell morphology and we 
conclude that the Gd is uniformly distributed throughout the 
magnetite lattice. 
 
STEM-EELS measurements were also performed and have the 
advantage that the obtained spectra provide an accurate 
representation of the chemical composition of a material at a 
given point without, for example, the secondary effects that 
produce the spurious Cu signal in EDX. This spatially-resolved 
compositional analysis is critical in ruling out the presence of 
inhomogeneous products and to definitively demonstrate Gd 
incorporation within the particles. To minimise electron beam 
damage, data was acquired by ‘hopping’ the electron beam 
from particle to particle, dwelling on each particle for 5 
seconds. The particles chosen for this measurement are shown 
in Figure 2a).  The EELS spectra obtained from roughly 35 
particles is presented in Figure 2b-d), which shows well 
defined edges for O-K and iron-L2,3 edges, in addition to a 
signal from the gadolinium-M5,4 edges. The calculated 
elemental composition was determined to be Fe:47.6%, 
O:50.8% and Gd: 1.6%, using standard background-fitting, 
removal of plural scattering and EELS cross-sections within the 
Gatan Digital Micrograph software. 26  Subsequent EELS 
measurements taken from a larger number of samples across 
the grid indicate a variation in fitted Gd content from 1.6% to 
2.5%, giving a mean Gd content for the MNP sample of around 
2 (± 0.4) mol% 
 
When compared with other methods for producing Gd:Fe3O4 
particles, our single source high-temperature method has 
distinct advantages. For example, a previous mild co-
precipitation method between iron and gadolinium chlorides 
at 65 °C produced ill-defined particles with a single-domain 
maximum gadolinium level of ~1 mol%.27  The authors were 
able to increase the Gd3+ levels to a maximum of 1.4 mol%, 
though the resultant particles were polydisperse, aggregated 
and believed to be multidomain. It should be noted that the 
co-precipitation method does allow for some control over the 
level of Gd3+ dopant,28 though this is often at the expense of 
Figure 1. TEM analysis of the Gd:Fe3O4 particles, showing 
a) an overview of the NPs, with a clear prevalence of 
octahedral particles. b) High resolution TEM image of a 
typical octahedral particle, annotated with fringe spacings 
that are consistent with those of magnetite. c) SAED, with 
diffraction rings indexed with those of the magnetite 
(Fe3O4) structure. d) Iron and gadolinium Lα signal 
intensities from a STEM EDX line trace across a single 
particle (see inset dark-field image), showing the co-
location of Fe and Gd in a single NP. e) EDX spectrum 
obtained from a group of particles, showing the presence 
of iron and gadolinium. The Cu peaks arise from 
secondary scattering from the TEM support grid. 
 
Figure 2. a) Dark-field STEM image of typical Gd:Fe3O4 
NPs used for EELS analysis (in dark field images, heavy 
material such as the nanoparticles appear bright). (b-
d) background-subtracted EELS edges, showing the 
presence of O, Fe and Gd in the particles. 
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control over size distribution or particle morphology which is 
retained in our thermal decomposition method.  In contrast, 
our single source method produced well defined NPs with a 
gadolinium content in the range 2 (± 0.4) mol%. The observed 
gadolinium levels for our single source particles are in 
agreement with levels seen elsewhere in the literature. Wang 
et al. reported a maximum Gd3+ dopant level of 2.85 mol% in 
cobalt-ferrite microparticles.29  Above this level, the nucleation 
of a separate GdFeO3 perovskite phase was observed, 
suggesting an upper limit to Gd incorporation within the 
magnetite lattice of a few mol%. This is not surprising given 
the difference in ionic radii between Gd3+ (107.8 pm), Fe2+ (78 
pm) and Fe3+ (65 pm).30   
 
The SAED measurements of Fig. 1c confirm that the magnetite 
structure has been retained upon gadolinium doping. We 
found no evidence for the formation of other gadolinium 
ferrite phases, such as perovskite GdFeO3 or garnet 
Gd3Fe5O12.
31  The observed lattice parameter of 8.21 Å is 
consistent with that of magnetite and may reflect the fact that 
there are two competing trends in determining the lattice 
parameter: a reduction in lattice parameter due to relaxation 
effects within small NPs and lattice expansion due to 
gadolinium incorporation.29 It is possible that the 
incorporation of Gd may inhibit the growth of larger particles, 
due to increasing difficulties in accommodating lattice strain. 
Despite thorough experimentation, we were unable to obtain 
larger particles by altering the reaction conditions – implying 
that the 12.6 nm particles obtained here may represent the 
upper grain size limit using these reaction conditions. 
However, we note that previous work on the Gd:Fe3O4 system 
yielded particles up to 33 nm with increasing Gd3+ content, 
albeit with an increase in polydispersity and above ~25 nm the 
particles became multi-domain.27 
 
Magnetic measurements were performed to investigate the 
effect of magnetic ion doping on the magnetisation of the 
doped magnetite particles. Hysteresis loops recorded at 100 K 
and 300 K are provided in Figure 3a. Field-cooled (FC) and zero 
field-cooled (ZFC) measurements were also performed and are 
shown in Figure 3b. The hysteresis loops clearly show the 
superparamagnetic behaviour of the particles.  Interestingly, 
the magnetisation (M) values for the Gd:Fe3O4 particles (32.9 
and 28.9 emu/g at 100 and 300 K respectively) were lower 
than the 96.4 emu/g expected for bulk magnetite at room 
temperature. 32  This follows similar trends for lanthanide 
doped magnetite, as Drake et al. reported room temperature 
M values of 65.7 emu/g for superparamagnetic Gd0.02Fe2.98O4 
NPs, synthesised by the co-precipitation method.1 Liang et al. 
also prepared lanthanide-doped magnetite particles using the 
co-precipitation method, of these the gadolinium-doped 
particles showed the highest room temperature M values of 
45.9 emu/g.33 De Silva et al. published a high temperature 
thermolysis route to Ln:Fe3O4 (Ln = Sm, Eu, and Gd) particles.
34  
In this report the M values for Sm:Fe3O4 and Eu:Fe3O4 particles 
are 42.1/31.3 and 29.8/23.6 emu/g (Sm and Eu particles at 60 
K and 300 K, respectively), though no comment is made 
regarding the M values of the Gd:Fe3O4 particles. This decrease 
seems to be not limited to the low Gd3+ doping level since it 
has been also determined for GdxFe3-xO4 NPs (average size 8 
nm) obtained by standard chemical precipitation process for 
the compositional range 0.1<x<1.9.35 Decreasing M values with 
increasing levels of Ln3+ doping have also been observed for 
other ferrite systems; such as gadolinium doped in γ-Fe2O3 
powders, 36  cobalt-ferrite microparticles,29 and Cu0.5Zn0.5Fe2-
xLnxO4 powders, where a decrease in magnetisation upon Ln
3+ 
doping (increasing x from 0 to 0.02) was observed.34 
 
The most likely explanation for the observed decrease in 
magnetisation upon doping is that Ln3+ ions cause a disruption 
to ferrimagnetic ordering.1 The difference in ionic radii 
between gadolinium(III) and iron(II)/(III) ions is in the order of 
30 pm (for Fe2+) and 43 pm (for Fe3+). In lanthanide-doped 
magnetite, the large Gd3+ ion will go into the octahedral B sites 
of the lattice, increasing strain in the lattice and therefore 
reducing the overall crystalline symmetry, which will increase 
the magnetocrystalline anisotropy.29, 37  Reduction of the 
overall crystalline symmetry may also disrupt the ferrimagnetic 
ordering within the magnetite lattice, which would contribute 
to the lower overall magnetisation of the particle. The 
decrease in magnetisation seen in our Gd:Fe3O4 NPs may 
therefore appear to be the consequence of two factors: a 
decrease in long range magnetic ordering upon insertion of 
large Gd3+ ions into the Fe3O4 matrix and an increase in 
magnetic anisotropy.  This is an encouraging result, as Gd 
doping provides a way of modifying the anisotropy of the 
particles. 
 
Field cooled (FC) and zero field cooled measurements (ZFC) 
were recorded for the Gd:Fe3O4 NPs, and the data are 
presented in Figure 3b, from which a blocking temperature (TB) 
of ~200 K was extracted. The measured TB is in agreement with 
previously reports; for example, Park et al. reported TB values 
of ~110 K and ~225 K for 12 and 16 nm particles respectively.6 
The TB is directly related to the magnetic anisotropy and the 
volume of the particles. However, it is strongly affected by the 
effect of magnetic interactions,38 and therefore the TB values 
Figure 3. a) Hysteresis loops for Gd:Fe3O4 nanoparticles 
recorded at 100 and 300 K.  b) Zero field cooled (open 
symbols) and field-cooled (closed symbols) 
magnetisation of octahedral 12 nm Gd:Fe3O4 particles 
in an applied field of 100 Oe.  
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do not contradict the aforementioned increase in magnetic 
anisotropy. 
 
Turning to MH measurements, the hydrophobic oleylamine / 
oleic acid surfactant layer protecting the as-prepared particles 
was first exchanged with a hydrophilic PEG derivative in order 
to facilitate aqueous dispersion of the particles. Successful 
surfactant exchange was confirmed by an increase in the 
hydrodynamic radius and by the evident stability of the PEG 
coated particles in aqueous dispersion (See Fig. S3). The PEG 
coated particles were then tested for cell uptake and toxicity 
using human fibroblast cells. The MTT assay showed that cell 
metabolic activity (viability) remained in the 70-80% region for 
Gd:Fe3O4 particles for concentrations below 0.1 mg/mL and in 
the 90-100% region for undoped Fe3O4 particles (See Fig. S4). 
The reasons behind the slight decrease in cell viability in the 
gadolinium doped samples are unclear; it may be possible that 
there is ‘leakage’ of free Gd3+ from the doped particles which is 
in turn having a detrimental effect on cell viability. This would 
have to be improved before potential clinical applications of 
Gd:Fe3O4 nanoparticles could be realised,
39  with further 
studies to improve the surface coating needed. Optical 
fluorescence microscopy and electron microscopy were 
performed on the cells incubated with both doped and 
undoped particles (see Figures S5 and S6 respectively). 
Fluorescence microscopy shows a change in phenotype, with a 
more rounded cell shape, and cytoskeletal reorganisation on 
incubation with the particles, most likely due to cellular uptake 
(Fig S5), whilst electron microscopy clearly demonstrated an 
increase in cell membrane activity and particle uptake into 
cells (using SEM and TEM, respectively, Fig S6).40 
 
The specific absorption rate (SAR) of the PEG-coated NPs was 
determined at room temperature by adiabatic 
magnetothermia.23 As the specimen heat capacity, C, is 
derived only from the polycarbonate capsule (the estimated 
sample contribution is lower than 5% and can be considered as 
negligible), the calculated SAR value is 3.7 ± 0.6 W / gFe.  
 
There is little literature about SAR measurements of Gd3+ 
doped iron oxide NPs for comparison. An intriguing SAR 
enhancement with Gd3+ doping respect to pure magnetite has 
been reported for GdxFe3-xO4 with x = 0.01-0.03 which 
increases as the Gd doping increases.1,27  However, size effects 
cannot be ruled out since the particle diameter also increases, 
from 13 to 19 nm, with the Gd3+ doping level. SAR also 
depends strongly on the alternating magnetic field 
parameters. While our measurements were performed under 
low field amplitude H0 = 3 kA/m and f = 111 kHz, the SAR 
values around 30−40 W/gFe reported in refs 1
,23
 were 
measured under H0 = 246 Oe (= 19.5 kA / m) and f = 52 kHz. 
The dependence of SAR on the alternating field parameters 
depends on the size, polydispersity, anisotropy constant and 
the strength of the magnetic interactions, and cannot be 
predicted a priori.41,42 However, as a rule of thumb, a square 
(linear) dependence with H0 (f) can be considered, assuming 
the Linear Response Theory and a non-interacting nanoparticle 
assembly.43 The extrapolation of the experimental values in 
the literature1,27 to our experimental alternating magnetic 
field parameters gives a SAR of 1.5-2 W/gFe. Hence, the sample 
studied in the present work, with a higher Gd3+ content, 
obtained using a single-source precursor shows an improved 
SAR value with respect to previously reported values. We 
postulate that the effect of the Gd3+ dopant on the magnetic 
anisotropy constant is the reason for such enhancement. 
Conclusion 
A bimetallic iron gadolinium single-source precursor was used 
to synthesise high quality gadolinium-doped magnetite 
(Gd:Fe3O4) NPs by a surfactant-assisted thermolysis route.  We 
have shown that polynuclear complexes can be used as 
precursors in the synthesis of MNPs and that mixed metal 
complexes provide a facile route to obtain doped particles, 
which can be otherwise difficult to prepare. TEM 
measurements showed that ~12 nm diameter octahedral 
particles were formed, with EDX and EELS measurements 
confirming the presence of gadolinium in the particles in the 
region of 2 ± 0.4 mol%. SQUID measurements revealed that 
the presence of gadolinium ions in the particles is responsible 
for a decrease in the magnetisation. This could be accounted 
for by a change in the magneto-crystalline structure of the 
magnetite lattice due to the doping of the large Gd3+ ions, 
which will induce a change in the magneto-crystalline 
anisotropy. Biological studies show that cells exposed to 
Gd:Fe3O4 NPs do not react adversely and MH measurements 
showed the particles to have a relatively high SAR value of 3.7 
± 0.6 W/gFe (when H0 = 3 kA/m and f = 111 kHz).  
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Gadolinium-doped magnetite nanoparticles from a single-source precursor 
 
 
 
A single source bimetallic precursor is used in the synthesis of octahedral Gd:Fe3O4 nanoparticles in 
order to reduce separate nucleation. 
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